The addition of actinomycin D (25 Ixg/ml) or cordycepin (1 mi) to protoplast cultures immediately after inoculation with particles of tobacco mosaic, tobacco rattle, tobacco ringspot or potato leafroll viruses resulted in a decrease in the proportion of protoplasts becoming infected, as judged by staining with fluorescent antibody to virus particles. A delay of a few hours between the inoculation and the addition of either inhibitor largely or completely eliminated this effect. In contrast, infection was unaffected by the addition of actinomycin D when the protoplasts were inoculated with RNA preparations from tobacco mosaic or tobacco rattle viruses.
Effects of Actinomycin D on the Infection of Tobacco Protoplasts by Four Viruses

SUMMARY
The addition of actinomycin D (25 Ixg/ml) or cordycepin (1 mi) to protoplast cultures immediately after inoculation with particles of tobacco mosaic, tobacco rattle, tobacco ringspot or potato leafroll viruses resulted in a decrease in the proportion of protoplasts becoming infected, as judged by staining with fluorescent antibody to virus particles. A delay of a few hours between the inoculation and the addition of either inhibitor largely or completely eliminated this effect. In contrast, infection was unaffected by the addition of actinomycin D when the protoplasts were inoculated with RNA preparations from tobacco mosaic or tobacco rattle viruses.
In earlier studies with plant viruses, actinomycin D (Act D) was found to have little or no inhibitory effect on the multiplication of tobacco mosaic virus (TMV) in tobacco leaves (Sanger & Knight, 1963) or in tobacco protoplasts (Takebe & Otsuki, 1969) . However, later work with various plant viruses has given conflicting and contradictory results. Thus, replication of TMV (Takebe & Otsuki, 1969) , cowpea chlorotic mottle virus (Bancroft et al., 1975) , cucumber mosaic virus (CMV) (Otsuki & Takebe, 1973) , turnip yellow mosaic virus (TYMV) (Renaudila et al., 1975) or tobacco necrotic dwarf virus (Kubo & Takanami, 1979) in protoplasts was unaffected by Act D, whereas multiplication of TMV, cowpea mosaic and bean pod mottle viruses (Lockhart & Semancik, 1968 Furusawa et al., 1970) , potato virus X (PVX) or groundnut dwarf virus in leaf tissue (Kushnirenko et al., 1980) , and of CMV (Takanami et al., 1977) , TYMV (Renaudin & Bov6, 1977) , PVX (Otsuki et al., 1974) , alfalfa mosaic virus (Alblas & Bol, 1977) , pea enation mosaic virus (Motoyoshi & Hull, 1974) , turnip rosette virus (Morris-Krsinich et al., 1979) or cowpea mosaic virus (Rottier et al., 1979) in protoplasts could be inhibited by Act D. In many of these studies it was noted that when the addition of Act D to cultures was delayed for several hours after inoculation, little or no inhibition occurred, suggesting that Act D had affected an early step in virus multiplication (e.g. Dawson, 1978; Rottier et al., 1979) .
Although Act D is an inhibitor of transcription (Sung, 1972) , there is evidence that other cell processes such as translation (Brawerman, 1974) can be affected. An alternative inhibitor of transcription is cordycepin (Shigeura & Gordon, 1965) , which is unlikely to cause the same side effects as Act D (Brawerman, 1974) . Therefore, in experiments with a variety of plant viruses we have investigated the effects of both Act D and cordycepin on the Proportion of inoculated protoplasts in which virus multiplied, and the effect of delaying the addition of these inhibitors for a few hours. Our results support the suggestion that inhibition of transcription of host DNA immediately after inoculation inhibits the multiplication of a wide range of viruses (Rottier et al., 1979) , at least in a proportion of the protoplasts inoculated. One early step in virus infection and multiplication is the disassembly or uncoating of the inoculum particle. We have therefore also tested the effect of Act D on the infection of protoplasts following inoculation with isolated RNA.
The viruses used were TMV (vulgare strain), tobacco rattle (TRV; CAM isolate of Harrison & Woods, 1966) , tobacco ringspot (TobRV; blueberry isolate of Lister et al., 1963) and potato leafroll (PLRV; Scottish isolate of Tamada & Harrison, 1980 • Proportion of protoplasts surviving culture for 44 h which stained with FITC-conjugated antibodies. t Protoplasts from N. tabacum (expt. 1 to 6) or N. benthamiana (expt. 7) were used. ~: Inoculum was prepared using PLO unless marked (3). § Inoculation using PEG.
Particles of each were purified from infected plants as described by Gooding & Hebert (1963) for TMV, by Harrison & Woods (1966) for TRV, by Mayo et al. (1982) for TobRV and by Tamada & Harrison (1980) for PLRV. RNA was extracted from virus particles using phenol and SDS as described by Harrison & Barker (1978) . Protoplasts were prepared from leaves of Nicotiana tabacum (cv. Xanthi) as described by Kubo et al. (1975) . Two methods of inoculation were used: the PLO method (Kubo et al., 1975) with final concentrations of 1 ktg/ml virus (unless otherwise stated), 1 ~tg/ml poly-L-ornithine (mol. wt. 120000; Sigma), 25 mM-potassium phosphate pH 6, and 5 x 104 protoplasts/ml, or the PEG method (Maule et al., 1980) using 100ktg virus or 20 to 100~tg RNA in 2 ml 40~o polyethylene glycol. In some experiments, fewer than the normal three post-inoculation washes were used in order to decrease the interval between inoculation and the addition of the inhibitors. Protoplasts were cultured at between 20 and 22 °C as described by Kubo et al. (1975) in 1 ml samples containing about 2 x l0 s to 4 x 105 protoplasts. Inhibitors were added from concentrated stocks of 1 mg/ml Act D or 10 mM-cordycepin. The proportion of inoculated protoplasts recovered after culture was unaffected by Act D treatment, but was less for u.v.-irradiated protoplasts than for untreated protoplasts. Infection was assessed by counting the proportion of those morphologically intact protoplasts which had survived culture, usually for 44 h, which were stained by treatment with FITC-conjugated antibodies. About 300 protoplasts from each sample were assessed.
When Act D was added to protoplast cultures 25 to 40 min after the inoculation had been started, the proportion of the inoculated protoplasts which made detectable coat protein of TRV, TobRV, TMV or PLRV was less than when the addition was delayed for 3 h, or omitted (Table 1 ). The effects of Act D on infection by the four viruses were broadly similar, although there was some variation between experiments. Of the four, PLRV was the most sensitive to inhibition by Act D. For example, in one experiment PLRV synthesis was inhibited in some * Proportion of protoplasts surviving culture for 44 h which stained with FITC-conjugated antibodies. * Protoplasts (10S/ml) were irradiated in stirred layers 2 to 3 mm deep at about 400 p.W/cm 2, using a Hanovia model 12 u.v. lamp emitting largely at a wavelength of 254 nm.
:~ Virus particles (1 [tg/ml) + PLO, or RNA (25 Ixg/ml TRV; 50 ktg/ml TMV) using PEG. § 25 ~tg/ml.
protoplasts even when the inhibitor was added 7 h after inoculation. In contrast, infection by TRV was usually the least affected; in some experiments there was little inhibition when Act D was added 30 min after inoculation and none when the addition was delayed a further 60 min. In more limited experiments the effect of cordycepin was compared to that of Act D. Each inhibitor was more effective when added soon after inoculation than when added later (Table 1, expt. 3 and 4).
When protoplasts were inoculated with TobRV at 1 ~tg/ml and 10 txg/ml, the addition of Act D decreased the proportion of protoplasts infected from 74~ to 13~ and from 769/o to 18~ for the respective inoculum concentrations. The amount of virus taken up by protoplasts is proportional to the concentration of virus in the inoculum (Kubo et al., 1975; M. A. Mayo & H. Barker, unpublished results) . Thus, the effect of Act D was not overcome by the uptake of extra virus particles, and differences in the effects of Act D between experiments seem not to be caused by different amounts of virus being taken up. Another possibility was that Act D had slowed virus synthesis and thereby caused an apparent decrease in percentage infection. This was shown not to be so for PLRV infection because the percentage infection of samples taken 43 h, 51 h and 67 h after inoculation were 30~o, 44~ and 54~ when Act D was added to cultures 3 h after inoculation and 65~, 73~ and 83~for control cultures.
When protoplasts were inoculated with TMV RNA (10 ~tg/ml and 50 ktg/ml) or TRV RNA (25 ~tg/ml), virus infection was not inhibited by Act D however soon after inoculation it was added (Table 1, expt. 3, 5 and 7; Table 2 ). This was not an effect of using polyethylene glycol to inoculate protoplasts because Act D inhibited virus infection in protoplasts inoculated with particles of TMV or TobRV using polyethylene glycol (Table 1, expt. 5 and 6). Similar differences between particle and RNA inocula of TMV and TRV were observed in experiments with protoplasts made from leaves of Nicotiana benthamiana.
When protoplasts were u.v.-irradiated before inoculation with TRV, virus multiplication was slower than in untreated protoplasts (Mayo, 1982) . Similarly irradiated protoplasts were less susceptible to infection by RNA or particles of TMV or TRV, but infection was only affected by the addition of Act D when virus particles were used as the inocula (Table 2) .
The results therefore show that inhibition by Act D occurs at an early stage in the multiplication of several viruses: a delay in adding Act D to cultures lessens or abolishes inhibition, and hastening multiplication by using RNA to inoculate protoplasts also eliminates the inhibitory effect. Cordycepin largely resembles Act D in its effect, suggesting that inhibition is caused by a decrease in transcription, as has been suggested by various authors to explain their results with Act D. The extent of inhibition in our experiments was not great and, at least with TRV', was barely detectable when the addition of Act D was delayed by I or 2 h. Perhaps reports in the literature of the insensitivity of multiplication to inhibition by Act D were caused by an inappropriate assay and a slight delay between inoculation and the addition of the inhibitor.
Our results, together with those previously published, therefore provide evidence that in inoculated cells or protoplasts, the multiplication of some tobamoviruses, cucumoviruses, tymoviruses, potexviruses, sobemoviruses, bromoviruses, comoviruses, luteoviruses, tobraviruses and nepoviruses as well as of pea enation mosaic and alfalfa mosaic viruses can be inhibited by Act D. Thus, although these viruses employ a variety of replication strategies (Davies & Hull, 1982) , dependence on the transcription of host cell DNA would seem to be a step common to the multiplication of these and perhaps other plant viruses that have positivestranded RNA.
The first step of virus infection is the uncoating of inoculum particles. There are two opinions as to the nature of this process. It may be a rapid process taking a few minutes, as suggested by workers following physical alterations to virus particles in inoculated cells (Hayashi, 1974 (Hayashi, , 1975 Kurtz-Fritsch & Hirth, 1967 , 1972 Shaw, 1967) . Alternatively, it is a slower process taking 1 to 5 h, as suggested by workers looking at changes in the resistance of infecting virus particles or nucleic acid to inactivation (Siegel et al., 1957; Kassanis, 1959) . Our results show that Act D did not affect virus infection when added to protoplasts immediately after inoculation with RNA or 1 to 3 h after inoculation with particles of TMV or TRV. RNA inocula do not need uncoating; thus, perhaps the 1 to 3 h delay before particle-inoculated protoplasts become resistant to Act D reflects the time taken for the uncoating of particles of TMV and TRV. Beicr & Bruening (1976) observed that particles of cowpea mosaic virus began to accumulate rapidly in inoculated cowpea protoplasts 3 to 5 h sooner when the inoculum contained virus RNA than when it contained virus particles. They speculated that this period reflected the time taken for virus particles to be uncoated. Thus, for three viruses, results suggest that virus particles are uncoated relatively slowly in inoculated protoplasts.
Possibly the process for which new transcription of the host genome is required is uncoating and perhaps host-coded proteins are involved in this phase. Alternatively, it is possible that after inoculation with RNA an event, occurring after uncoating, is passed before the effects of Act D become apparent, and the time taken tO uncoat inoculum particles allows Act D to take effect. The reported effects of Act D on virus infection are complex. Dawson (1978) found that TMV multiplication in leaf tissue passed through an Act D-sensitive step even though tissue was kept at 3 °C and Kurtz-Fritsch & Hirth (1967) found that release of RNA from TYMV particles in inoculated leaves was not inhibited by Act D. In contrast, Act D suppressed the multiplication of cowpea mosaic virus RNA (Rottier et al., 1979) and alfalfa mosaic virus RNA (Nassuth, 1982) but not the synthesis of the virus coat proteins, an effect unlikely to be related to the uncoating of inoculum particles. However, in one experiment with protoplasts inoculated with TRV the amounts of infective virus recovered from untreated and Act D-treated protoplasts after culture were proportional to the percentages of protoplasts stained with FITC-conjugated antibodies. Thus, TRV seems to differ from cowpea mosaic and alfalfa mosaic viruses in that Act D has no differential effect on RNA and coat protein synthesis. Perhaps Act D has several effects, and how many or which occur depends on which virus and/or what concentration of Act D is used. Further work is needed to test this possibility. That such effort is worthwhile seems clear, because whatever the nature of the early stage of multiplication that requires transcription of the host genome, it may be this stage that is responsible for the specificity of virus-host interaction, and hence for resistance to virus infection.
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